The chemical composition of glass inclusions in phenocrystic Plagioclase and pyroxene from Sites 792 and 793, drilled during Ocean Drilling Program Leg 126 in the Bonin Arc, is examined. Immiscible liquid, which is preserved as glass inclusions with unmixed textures in Plagioclase, is observed in a high-magnesian andesite, which suggests an important role of liquid immiscibility in the fractionation of high-magnesian andesite. In other andesitic rocks (SiO 2 = 57-60 wt%), such unmixed textures of glass inclusions in calcic Plagioclase with a similar percentage of An (around 80%) is not found. The degree of fractionation and mixing of liquid are inferred from the glass composition in pyroxene.
INTRODUCTION
electron microprobe analysis (EMPA) of the chemical composition of glass inclusions in phenocrysts of volcanic rocks revealed the existence of rock series and residue that resulted from the crystallization of trapped liquid in host phenocrysts. Anderson (1973) examined glass inclusions and discussed their significance in terms of the volatile components of magma. Anderson (1976) also studied glasses in matrix and glass inclusions of volcanic rocks and stressed the important role of glasses as a tool for the study of magma mixing. Watson (1976) estimated the amount of liquid composition in a South Atlantic basalt on the basis of composition of glass inclusions. Later, Roedder (1979) discussed comprehensively the origin and significance of glass inclusions during the crystallization of phenocrystic crystals. He also described the microglobules of an immiscible sulfide phase in glass inclusions.
Primary glass inclusions in the phenocrystic crystals reflect a partial compositional trend of evolved magmatic liquid. For example, the compositional variation of glass inclusions plotted on a CaOMgO-Al 2 O 3 diagram indicate the trend produced by mineral fractionation (Watson, 1976) . Also, lower Mg/(Mg + Fe) and higher TiO 2 in inclusions indicate the existence of olivine fractionation (Dungan and Rhodes, 1978) or ferromagnesian mineral crystallization (Clocchiatti and Massare, 1985) . C1/K 2 O ratios in glass inclusions indicate the degree of differentiation (Anderson, 1982) , and the CaO/Na 2 O ratio in glass inclusions of olivine can be used to infer the ratio in the primary magma (Falloon and Green, 1986) . Dungan and Rhodes (1978) presented evidence for magma mixing on the basis of their study of residual glasses and melt inclusions in basalts from Deep Sea Drilling Project (DSDP) Legs 45 and 46.
The study of volatiles in glass inclusions will reveal the gas composition in magma, which in turn will contribute to the understanding of the mechanism of eruption and the effect of the gas composition on the atmosphere (Saitoh and Kusakabe, 1989) . As summarized by Shinohara (1990) , total volatiles increase with SiO 2 contents in melt inclusions, sulfur decreases with the SiO 2 contents, and Cl contents may reach a maximum at intermediate SiO 2 contents (around 60%). Thus, the accumulation of data on the occurrence and composition of glass inclusions is important for understanding the chemistry of magma and the crystallization process.
We describe in this paper the preliminary results from our study of the glass inclusions, mostly <0.5 mm in diameter, in Plagioclase and pyroxene phenocrysts of arc-volcanic rocks. Microglobules are commonly found in the glass inclusions, but we have not yet found fluid inclusions in the glass inclusion samples that are described in this paper and were collected from Holes 792E and 793B in the Bonin Arc area.
TECTONIC SETTING
The locations of Sites 792 and 793 are shown in Figure 1 . Site 792 is approximately 100 km from Hichijo-jima to the southeast. Site 793 is located to the northeast of Torishima. Tectonically, Site 792 is situated on the northern extension of the frontal-arc high of Bonin Arc, and Site 793 is located in the forearc basin (Honza and Tamaki, 1985) . From the samples obtained during Leg 126, we selected four pieces (Samples A, B, C, and D) that commonly contain glass inclusions with microglobules in Plagioclase and pyroxene phenocrysts. Sample A is from Hole 793B and the other samples are from Hole 792E. Samples A, B, and C were collected from the acoustic basement underlying Oligocene rocks, and Sample D is from upper Oligocene rocks rich in volcanic pebbles.
DESCRIPTION OF ROCKS
A brief description of the four samples, based on the Leg 126 Initial Reports and our study, are presented here.
Sample A
Sample 126-793B-105R-1, 74-78 cm (porphyritic andesite), is part of a thick pillow lava. It has the same lithology of analyzed rocks listed in the Initial Reports (Sample 126-793B-105R-1,127-131 cm). The composition of the latter is shown in Table 1 and is that of high-magnesian andesite of the arc-tholeiite series. The analyzed rock from the basement at Site 793 was situated around 4555 m below sea level (mbsl). The rock contains phenocrysts of orthopyroxene (approximately 5%, 0.5-3 mm, euhedral), clinopyroxene (10%-15%, 2-6 mm, euhedral, stellate clusters), and Plagioclase (approximately 2%, 0.5-1.0 mm, euhedral).
Amygdules, 2-20 mm in diameter, are filled with zeolite and native copper (Taylor, Fujioka, et al., 1990) . Zeolite minerals are confirmed as mordenite and dachiardite by X-ray diffraction analysis. Maghemite is contained in the rock. Taylor, Fujioka, et al, 1990 ).
Sample B
Sample 126-792E-74R-1, 70-72 cm, is an andesitic hyaloclastic breccia that contains plagioclase-orthopyroxene-clinopyroxene andesite and plagioclase-clinopyroxene-quartz-dacite fragments in a hydrothermally altered glassy matrix. The andesitic hyaloclastite overlies a porphyritic andesite layer, and the andesitic blocks are thought to be compositionally equivalent to the porphyritic andesite, the composition of which is listed in Table 1 (Sample 126-792E-74R-2, 53-57 cm). Plagioclase is the most predominant phenocrystic mineral in the sample, which was located at 2672 mbsl (water depth, 1787.7 m).
Sample C
Sample 126-792E-71R-1, 107-112 cm (porphyritic andesite), consists of part of a porphyritic andesite unit intercalating thin hyaloclastic layers. Under the microscope, the petrographical characteristics of Sample C are equivalent to an andesite analyzed by X-ray fluorescence that was described in the Initial Reports (Table 1 , Sample 126-793B-71R-1, 9-13 cm). The andesite consists of phenocrysts of Plagioclase (35%, 0.2-5 mm, euhedral, zoned, and glomeroporphyritic clots), clinopyroxene (5%, 0.1-5 mm, euhedral), orthopyroxene (10%, 0.1-5 mm, euhedral, mostly replaced by smectite), and magnetite (1%, 0.1-0.5 mm, subhedral). The sample was situated about 2599 mbsl (water depth, 1787.7 m). 
Sample D
Sample 126-792E-47R-3, 1-6 cm (volcanic-lithic conglomerate and granule-rich vitric sandstone) consists of part of an upper Oligocene strata. The sedimentary unit consists up to 20% volcanic pebbles. One of the pebbles displays the basaltic composition shown in Table 1 (Sample 126-792E-47R-1, 15-20 cm).
ANALYTICAL TECHNIQUE FOR GLASS ANALYSIS
The chemical composition of glass inclusions was obtained by EMPA at the Analytical Laboratory of the Department of Geology and Mineralogy, Hokkaido University. Accelerating voltage was 15 kV, beam current was 2 × I0" 8 Å, and beam size was 2 µm in diameter on periclase for small glass inclusions. In this analytical condition, loss of sodium and potassium counts was very significant. Therefore, we estimated sodium and potassium contents on the basis of Ono et al.'s (1976) method (i.e., the contents were inferred from decreasing curves of counts per second as shown in Fig. 2 ). Calibration curves for sodium ( Fig. 3) and potassium between the weight percentage and counts were obtained by standard glass analysis. As already mentioned by Ono et al. (1976) , loss of sodium was most significant for glass with high SiO 2 contents. However, a 10-µm beam for Iow-Siθ 2 glass (around 55%) did not generate any distinct loss of sodium and potassium. The composition of glass inclusions often yielded low totals, as listed in Tables 2-5 . By means of energy-dispersive-systems (EDS) analysis, we were able to determine that no other major elements except for chlorine (<0.5%) were present. Sulfur was not positively detected. Hence, we infer that the glass contains only a few percent of water and very small amounts of chlorine. The very fine parts of inclusions were examined by EDS at the Section of Historical Earth Dynamics of the Department of Geology and Mineralogy, Hokkaido University. In this case, accelerating voltage was 10 or 20 kV and beam current 2 × I0" 9 Å. In the glass inclusions, microglobules were observed under the microscope in all of the samples. They are thought to have been bubbles filled with a gaseous phase, but they are now mostly filled by polishing powder or dust under the microscope. Therefore, it is impossible to estimate their composition.
OCCURRENCE AND CHEMICAL COMPOSITION OF GLASS INCLUSIONS
Sample A Plagioclase contains many irregularly shaped (including rectangular, square, and round) glass inclusions (Plate 1, Figs. 1, 2, and 4). We analyzed a few glass inclusions in Plagioclase phenocrysts. Most of the inclusions solidified to brown glass and sometimes they had dark quench crystals. The inclusions often showed unmixed textures, a complicated pattern of dark-and light-colored areas such as myrmekite (Plate 1, Figs. 1 and 2). Each area was too fine to analyze. Therefore, one analysis of a glass inclusion (glass in Plagioclase, Table 2 ) included both unmixed parts.
By means of semiquantitative EDS analysis, it was revealed that one part of the sample (white area in Plate 1, Fig. 2 ) contains high Mg, Fe, and low Si as compared with the dark part, which has a somewhat similar composition to the glass inclusions in the Plagioclase of Samples B and C. The lack of mixing may indicate immiscible liquids in Plagioclase phenocrysts (Philpotts, 1981 (Philpotts, , 1982 . Around the unmixed glass inclusions, small, clear silicic glass inclusions with microglobules occur (Plate 1, Fig. 1 ). These inclusions seem to have been trapped later than the former inclusions, showing an unmixed texture. The mechanism that forms two kinds of inclusions is not fully understood.
Approximately oval-shaped, dispersed, and comparatively large glass inclusions were observed in pyroxene (Plate 1, Fig. 3 ). The inclusions often contain a single microglobule in each and are pale brownish in color. The glass composition (Table 2) is different from normal dacite and/or host andesite, which suggests that the glass is a residue of trapped liquid during pyroxene crystallization. K 2 O occurs selectively in glass inclusions.
The Mg/(Mg + Fe) ratios in the inclusions are variable, as these were affected during pyroxene crystallization, but the Ca/(Ca + Na) ratios are comparatively constant. The high ratio is equivalent to that of a liquidus composition formed by the crystallization of calcic Plagioclase (An 80%-85%).
Sample B
Glass inclusions were commonly observed in Plagioclase phenocrysts; they are mostly oval-shaped or rectangular. They occur irregularly along the inner parts of Plagioclase and are arranged along a crystal plane (Plate 1, Fig. 5 ). The range of An in the host Plagioclase varies from 74% to 85%, and the An of the Plagioclase adjacent to inner glass inclusions is as low as 74%. Similar enhancement of sodium around glass inclusions was described by Watson (1976) . As shown in Plate 1, Figure 5 , a rhythmical zoning pattern was observed only in the part of the crystal without glass inclusions-mostly the outer rim. A minute grain of clinopyroxene occurs within a glass inclusion. Glass inclusions are compositionally high in SiO 2 and K 2 O contents (Table 3) . Ca/(Ca + Na) ratios in the inclusions are variable (0.2-0.32), but the Mg/(Mg + Fe) ratios are rather constant (0.27-0.30). These occurrences and compositional characteristics of the glass inclusions suggest that they were trapped during the crystal growth stage of Plagioclase and represent a residual composition after reaction with host Plagioclase.
Sample C
In this sample, glass inclusions were also found in the Plagioclase; oval-shaped and coarse inclusions occur mostly on the inner side of the Plagioclase, which suggests rapid crystal growth of the inner Plagioclase.
A microglobule in each inclusion occurred in the central part of Plagioclase (Plate 2, Figs. 1 and 2) and can occupy over 20% of the inclusions in terms of volume. These inclusions are coarser than those in the marginal inclusions and in pyroxene. This suggests that gaseous phases were comparatively predominant during the early crystallization stage of the Plagioclase. The composition is similar to that of Sample B.
Sample D
A coarse clinopyroxene crystal in Sample D includes glass inclusions that are arranged in inner and outer rows (Plate 2, Fig. 3 ). The clinopyroxene is compositionally rather homogeneous, but adjacent to areas near the outer inclusions, the pyroxene is slightly rich in CaO (numbers 3,4, and 14 in Fig. 4) . The pyroxene also contains anhedral Plagioclase inclusions. The compositions of the glass inclusions are classified into two groups on the basis of their TiO 2 and CaO contents and Mg/(Mg + Fe) ratio (Fig. 5) . The inner inclusions are high in TiO 2 and low in CaO and Mg/(Mg + Fe), indicating evolved magmatic liquid, as compared with the outer inclusions. Although these components and their ratio may be influenced during the crystallization of host clinopyroxene, their compositions seem not to have been substantially modified during crystallization. The glass inclusions plot on an extension of a fractionation trend on the CaO-MgO-Al 2 O 3 diagram (Fig. 6) of Watson (1976) . The outer inclusions, which were trapped at a later stage of pyroxene crystallization, are higher in CaO and Mg/(Mg + Fe) and lower in TiO 2 . This is a paradox for closedsystem crystallization models, for the compositional changes in the residual liquid caused by the crystallization of clinopyroxene and other ferromagnesian minerals would produce the opposite effect.
DISCUSSION AND CONCLUSIONS
As described by Philpotts (1982) , silica-rich glass typically forms a continuous phase that encloses iron-rich globules. Therefore, unmixed glass as described in Sample A does not commonly occur. Immiscible liquid preserved in glass inclusions in a basalt as an exception was described by Philpotts (1981) . He reported that magnesium-rich glass occurs in small spheres of clear silicarich glass. The lack of mixing was interpreted as being a metastable occurrence. However, immiscible liquid preserved as glass globules in the mesostasis of volcanic glass is commonly observed, as described by Philpotts (1982) .
The unmixed glasses indicate variable magma-mixing processes (Philpotts, 1982) . However, unmixed glasses that occur in the Sample A inclusions do not indicate magma mixing. This lack of mixing indicates that trapped glasses became differentiated as magnesium-and silica-rich glass after Plagioclase crystallization. Such lack of mixing was not observed in the andesite of Samples B and C. Thus, we consider that liquid immiscibility plays an important role in the differentiation of a high-magnesian andesite. The groundmass in Sample A forms a small-scale layering of light-and dark-colored matrix. This may also be evidence for the lack of mixing in glass.
The Ca/(Ca + Na) ratio of glass inclusions in pyroxene of Sample A is equivalent to that of the residue after calcic (An = around 80%) Plagioclase crystallization under low-pressure conditions (e.g., Fig. 7 in Johannes, 1989 , and so on). However, the ratio is not as high as that of the glass inclusions in olivine phenocrysts from Tonga (Fallon and Green, 1986) . This may indicate that in a high-magnesian andesite the magma was rich in CaO and orthopyroxene crystallized earlier than Plagioclase.
Occurrences of larger glass inclusions and comparatively large globules in them in the inner part of calcic Plagioclase from Sample C and also Sample B suggest rapid growth of calcic Plagioclase in a magmatic liquid rich in gaseous components. The calcic composition of the Plagioclase may result in part from the crystallization of a liquid rich in volatiles.
In a pyroxene of Sample D, outer glass inclusions suggest crystallization from a relatively unevolved magma. The compositions of both inner and outer inclusions plot along a fractionation trend, as shown in Figure 5 . Therefore, during the later crystallization stage of clinopyroxene, the pyroxene was surrounded by less fractionated magma. This could have resulted either from magma mixing or from gravitational sinking of pyroxene to the bottom of the magma chamber.
In this chapter we have described the chemical composition of glass inclusions in andesitic rocks. Some element ratios indicate the degree of crystallization and provide information on the complicated crystallization processes.
The following conclusions result from our preliminary study:
1. Liquid immiscibility was observed in glass inclusions in plagioclase phenocrysts of a high-magnesian andesite, which suggests the important role of liquid immiscibility for the differentiation of high-magnesian andesites.
2. Judging from the occurrence of glass inclusions with larger globules, a higher vapor content is suggested during an early stage of Plagioclase crystallization of andesite.
3. From an analysis of the glass inclusions of a clinopyroxene, at least two different liquids appear to have been present as the crystal grew. Less fractionated liquid was trapped in the outer portion of the pyroxene, indicating magma mixing before the later stages of crystal growth.
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